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Materials with good strength and excellent ductility are of paramount relevance for lightweight vehides. In this context, transfonnation-induced-plasticity (lRIP) aided steels enable an excellent combination of strength and ductility, allowing substantial weight reduction without compromising safety standards. The properties of these steels are closely related to both the multiphase characteristics of their microstructures and the 'I1UP effect. te, the martensitic transformation of the retained austenite (RA) Induced by deformation [1-7). The martensitlc tm1sforma-tion and the associated accommodation plasticity lead to an increased strain-hardening, effectively delaying softening through premature strain localization [3] [4] [5] [6] [7] [8] . This constituents can postpone the onset of neddng and, thus, lead to a higher uniform elongation Therefore. the 'I1UP effeet improves the formability and energy absorption of such steels. since the volume fraction and distribution of RA play a key role in improving the mechanical properties of'l1UP steels 191, the characterization and understanding of RA is important [8) .
The TRIP-assisted multiphase steels typically contain an intercritical body-centered cubic (bee) ferrite matrix, island-type metastable face-centered cubic (fcc) RA dispersed in the ferrite matrix, and a bainitic structure where ultrafine RA lamellae are embedded in the martensite [10). The martensite is generally body-centered tetragonal (bet) or hexagonal-dose-packed (hcp), depending on the carbon content [11, 12] . Good ductility results from the soft and ductile ferrite as well as from the TRIP effect, while the high strength originates from the bainite and the freshly-formed martensite induced by the martensitic transformation of the metastable RA [1- 3, 13, 14) . several reports [15] [16] [17] revealed that the volume fraction and stability of RA at room temperature are essential factors in designing 'I1UP steels. They are
Optkal microscopy observations
An optical micrograph was performed, using the OLYMPUS GX71 optical microscope to examine the effect of heat treatment on the transformation processes in the steel The specimens were cut from the central part of the heat-treated steel along the rolling direction (RD) using the electrica1-discharge machining. SUbsequently, the specimens were mechanically polished using silica papers with gradually decreasing roughness. Finally, specimens were etched in a solution consisting of 9 g sodium hyposulfite and 3 g carbazotic add diluted with 90 ml ethanol and 100 ml deionized water for 20-30 s. The etched samples were washed, using C 2H5 0 H and then quickly dried with a hair dryer.
For each condition, three tests were performed to obtain the average values of the mechanical properties.
Miaostnlctuml characrerizations
Rou te I for~ll.'l'ls i\ -G cut into dog-bone-shaped specimenswith a gauge length of 20 mm, width of 6 mm, and the final thickness of U mm after polishing.
Uniaxialtensile tests were performed on a micro-foIre testing system (MIS. Olina Co.,Ltd) at a constant strain rate of 5 X 10-3 5-1 at RT. The tensile axiswas parallel to the rollingdirection. Some tests were interrupted at pre-defined defonnation levels to study the RA conlent and the deformed microstructures as a function of true strain.
SEM and EBSD analyses
The microstructure was characterized using SEM (FEI Q!Janta 600, PHD..IPS, USA) operated at a voltage of 20 leV. The EBSD measurements were carried out in a plane perpendicular to the transverse direction of the sheet. The specimens for the EBSD analyses were electro-polished for~20 s at an operating voltage of 20 V to remove the damage of the surface caused by the grinding and mechanical polishing. The electrolyte consists of the 10 vol% perchloric acid, 80 vol% ethanol, and 10 vol% deionized water. EBSD analysis was conducted at an acceleration voltage of 20 IN. sample tilt angle of 70·. and working distance of 7 nun.To obtain a representative value for the respective phase fractions. it
Magnetic measuremenlS
Magnetic measurements allow probing bulk materials [36).
Here, magnetic measurements were conducted to obtain the volume fraction of RA, using a vibration sample magnetometer (VSM) (Model 7047. Lakeshore, USA). The underlying rationale is that the RA phase is paramagnetic, while the ferrite, martensite, and cementite are ferromagnetic below the Curie point, Tc (210 and 770 QC for the cementite and pure ferrite, respectively) 137). In the presence of the applied magnetic field, the relationship between the measured magnetization of the sample and the applied magnetic field is obtained, and the saturation portion of the magnetization plot is used for the determination of the volume fraction of RA. For the measurement of the sheet sample with a dimension of 3 x 3 x 1 mm" in this study, the magnetic field was applied to a maximum value of2 T and then decreased stepwise to Grain boundaries with an orientation difference below 2°were excluded, and values above this threshold were counted as adjacent grains. The kernel average misorientation (KAM) function, which is retrieved from the EBSD data. was employed in order to observe orientation changes caused by plastic deformation. The KAM maps were progressively obtained at the same location for 750"C/12O 5+400 "C/3OO 5; B: 800 "C/12O 5+400 "C/300 5; C: 820 "C112O 5+400 "Cj3oo 5; D: 850 "C/12O 5+400 "C/3OO 5; E: 880 "C/120 5+400"C/300s; F: 850 "C/ 120 5+420 "C/3OO s; G: 850 "C/120 5+450 "C/300 s; iIIld H: 850 "CIllO s.
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consistently observed in other samples. zaefferer et al l391iden-tified and quantified the bainite in TRIP-assisted steels using EBSD analysis. They showed that bainite exhibits a granular form in an Al-rontaining TRIP steel, whereas it assumed a more lamellar morphology in Si-alloyed TRIPsteels. Thus, it is conceivable that in the present study, the appropriate heat-treatment process to obtain the maximum RA is an annealing treatment at 850 ·C for 120 s. followed by bainitic holding at 420·C for 300 s, In addition, it should be noted that a small amount of RA is inevitably transfonned into martensite during the cooling process without bainitic holding, resulting in a complex microstructure consisting of martensite, bainite and RA. Consequently, it is difficult for SEM analysis alone to discern the complexity ofRA and martensite. A series of EBSD measurements were further conducted to confirm the effect of the different heat-treatment processes on the variation of the microstructures in the steels. The results in Fig. 4 Fig. 4 . Therefore, it is conceivable that the associated mechanical properties of these three steels should also exhibit significant differences. Fig. 5 shows the measured true stress-true strain cwves for the three steels. S1EeI. C with a medium RA content has the highest elongation to failure (Et) of 50%, along with the highest yield stress (ll'y) of 510 MPa and urs of 1100 MPa. On the other hand, steel F with the highest RA content shows a ll'y of 437 MPa and a urs of 943 MPa as well as a slightly decreased l!t of 48%.Steel H, annealed at 850·C for 120 s without the bainitic-holding process, exhibits the lowest Et of 39%, along with the lowest ll'y of 340 MPa and the lowest UTS of BOO MPa.
These results indicate that the excellent combination of high strength and good ductility for steel C is related not only to its higher RA content but also to its morphology, dispersion, and stability.
Effects of RA morphology and distribution
To further explore the effect of RA morphologies on the The typical miaostructures for steels C. F, and H are shown in Fig. 6 . The corresponding seleaed-area-electron-diflracn (SAFD) patterns for the circled RA in steels Fand H are shown in the inset of Fig. 6c and r. respectively. In Fig. 6a-d , many RAfi1ms exhibit a multiscale microstructure with a size of 100--400 om in thidmess and 2-5 }U1lin length, separated by bainitic fenite (BF) plates. In contrast, the RA in steelH typica1Jy asswnesa more blocky configuration with a size of several microns (Fig. 6e) . Thecorresponding SAED pattern is shown in Fig. 5 [ Theresults reveal that steels C. Recently, the influence of the morphology on the stability of RA in a Q&P steel hasbeen reported by Xiong et al [27] . revealingthat the film-like RA,despi~ofhaving a much lower carbon content, is stable up to a strain of 12%, while the blocky RAwith a high carbon content promotes the martensite transformation already at the onset of plastic deformation. Theauthors attributed the morphology effects in the RA stability during deformation to the properties and the morphology of the swrounding matrix. For example, the mechanical stabilityofRA against straining is higher, ifRA islands are surrounded and shielded by hard martensite.
In order to examine the effects of the RA morphology on its stability during the deformation process, interrupted tensile tests are performed in conjunction with EBSD for steels, C and H, with lOS strain increments. Fig. 7 shows the evolution of the fcc phase in steels C and H during deformation with increasing strain. We observe that the RA content of steel C (with lath RA) gradually decreased with increasing strain and finally exhawted at a strain above 40%. The blocky RA in steel H dramatically decreased 10% strain to only a few percent, and almost completely disappeared after a true strain of 20%, underlining the role of the austenite stability on the overall mechanical response of the materials. (Fig. 6a and  b) . This characteristic microstructure is very beneficial for concurrently improving the ductility and strength in the TRIP-assisted steels 126]. However, one may note that steel F exhibits an inferior combination of strength and ductility, compared with steel C. StEelC: 820"Q120 s+400"q300 I; steel F: 850"ql20J+420 "C/300 s: and slEe1 H: 850 'C/120.l, steels. The parallel uttrafine RA laths can effectively improve the strength and ductility of TRIP-a.ssisted steel concurrently. In general, the property improvement steps taken in this study are schematically swnmarized in Fig. 12 . The salient feature of the present strategy mainly lies in tailoring the heat-treatment parameters to concurrently control the volume fraction. morphology, and carbon content of the RA.
With a suite of multi-modal and multi-scale characterization techniques, the present study unambiguowly proves that an excellentcombinationof ultrahigh strength and good ductilitycan be achieved by tailoring the inter-grain/phase microstructures.By designing the heat-treatment processes, both the strength and ductility of TRIP-asslsted steels can be improved concurrendy due to the design of ultrafine-lamellar RA with high mechanical stability against straining. The main result can be summarized as follows:
1. Ultrafine-IameUar RA has been obtained by intercritical annealing and balnitic holding. while the heat treatment excluding balnitic holding only results in blockyRA. The 
